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Abstract: Cryogenic treatments are usually carried out immediately after quenching, but their use 

can be extended to post tempering in order to improve their fracture toughness. This research 

paper focuses on the influence of post-tempering cryogenic treatment on the microstructure and 

mechanical properties of tempered AISI M2, AISI D2, and X105CrCoMo18 steels. The 

aforementioned steels have been analysed after tempering and tempering + cryogenic treatment 

with scanning electron microscopy, X-ray diffraction for residual stress measurements, and micro- 

and nano-indentation to determine Young’s modulus and plasticity factor measurement. Besides 

the improvement of toughness, a further aim of the present work is the investigation of the 

pertinence of a novel technique for characterizing the fracture toughness via scratch experiments 

on cryogenically-treated steels. Results show that the application of post-tempering cryogenic 

treatment on AISI M2, AISI D2, and X105CrCoMo18 steels induce precipitation of fine and 

homogeneously dispersed sub-micrometric carbides which do not alter hardness and Young’s 

modulus values, but reduce residual stresses and increase fracture toughness. Finally, scratch test 

proved to be an alternative simple technique to determine the fracture toughness of cryogenically 

treated steels. 
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1. Introduction 

Cryogenic treatment is widely used to enhance the mechanical and physical properties of tool 

steels, hot work steels, and high carbon steels. According to literature [1–4], the greatest 

improvement in properties is obtained by carrying out the deep cryogenic treatment between 

quenching and tempering. However, in the case of tool steels, an improvement can be obtained even 

by performing cryogenic treatment at the end of the usual heat treatment cycle (i.e., treating the 

finished tools). This last solution is more flexible than the previous one, and can extend the use of the 

treatment to many practical applications [5,6]. 

Patil et al. [7] demonstrated that the application of cryogenic treatment to cutting tools 

improves wear resistance, hardness, dimensional stability, cutting tool durability, and tool life, and 

it reduces tool consumption, leading to a general reduction in production cost. Perez et al. [8] 

reported the importance of cryogenic treatments to increase toughness, thermal fatigue resistance, 

and wear resistance of hot work steel (AISI H13 as example) in order to maximize their lifetime. 

These benefits are achieved by deep cryogenic treatment because it decreases retained austenite 

content and it promotes the precipitation of fine carbides uniformly dispersed in martensite matrix, 

as reported by Sola et al. [9] and Gavriliuk et al. [10]. Retained austenite is a soft and unstable phase 

that reduces steel hardness and can be converted into martensite in working conditions and under 
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stress, forming brittle (not tempered) martensite, with an increase of volume of 4%, inducing local 

stresses. Cryogenic treatment—by transforming retained austenite to martensite—improves 

dimensional stability. In addition to the transformation of retained austenite to martensite, secondary 

and fine carbides are formed in the structure, increasing mechanical properties, toughness, and wear 

resistance. According to Perez [8], quenching and cryogenic treatment generate a high internal stress 

state due to thermal stresses and the transformation of martensite into austenite. Furthermore, thermal 

stresses increase the number of structural defects and the carbon-supersaturated martensite becomes 

unstable. Carbon atoms move towards the new structural defects created, martensite is decomposed, 

and carbide precipitation takes place during the warming up phase to room temperature, producing a 

reduction of residual stress and resulting in a homogeneously dispersed network of tiny carbides. 

The evolution of carbides precipitation in chromium-containing steels, molybdenum-containing 

steels, and chromium–molybdenum-containing steels was discussed by Perez et al. [8,11], Gavriliuk et 

al. [10], and Villa et al. [12,13], studying the low-temperature martensitic transformation in tool steels 

and high-carbon steels. With internal friction analysis, Mossbauer spectroscopy, and synchrotron 

X-ray diffraction, these authors demonstrated that the carbon atoms are immobile at temperatures 

below −100 °C, and the possibility of their diffusion exponentially decreases with decreasing 

temperature. Instead, during the heating up to room temperature from cryogenic temperature, an 

ageing of carbon-supersaturated martensite (starting from −50 °C) leads to martensite decomposition 

(for example, in a spinodal-like decomposition of a supersaturated solution) into carbon-rich areas 

which could induce precipitation of nanometric carbides. 

Cryogenic treatment barely changes the tensile mechanical properties and hardness of tool steel 

and hot work steel [8,9,13–15]. However, it is worth noting that cryogenic treatment notably 

improved the fracture toughness of such steels because a fine, homogeneously dispersed carbide 

precipitation and a tougher martensite matrix are formed (with lower carbon content). 

In this framework, toughness measurement is an important tool to assess the effectiveness of 

the cryogenic treatment on such steels, but standard methods require careful sample preparation 

and dedicated equipment, while a simpler technique could be easily adopted as a quality control 

tool, as an alternative to ASTM E399 e BS 5447 standard method [16]. The most popular alternative 

method is the Vickers indentation fracture test, where the fracture toughness, Kc, is determined 

throughout a Vickers probe and according to Equation (1): 

 (1) 

where P is the indentation load, E is the Young’s modulus, H is the hardness, co is the average length 

of radial cracks generated during the indentation, and α is a dimensionless constant. Several authors 

proposed refinements to Equation (1) [17–19] derived from a combination of empirical tests and 

dimensional analysis. All these expressions account for the residual stress, the plastic dissipation 

inside the material, and the nature of cracks. Moreover, during indentation fracture testing, it is 

fundamental to take considerable care to measure the average length of the cracks that begin from 

the four corners of the probe. Despite advances in microscopic analysis, considerable uncertainties 

could occur because of the possibility of spalling around indentation impression and/or the skill or 

subjectivity of the observer. Akono et al. in [20] proposed an alternative novel technique to measure 

the fracture toughness by scratch testing. The authors derived the fracture toughness expression 

from linear elastic fracture mechanics, and in [21] applied these techniques to ceramics, metals, 

polymers, and in [22], to micro-particulate composites. Akono et al. in [21] proposed a detailed 

description of an analytical model (with theoretical hypothesis and pertinence), materials surface 

preparation (the same for nano-indentation or micro-indentation), and the equipment and testing 

procedure, and showed that the Kc values measured via scratch test were in agreement with 

literature values, with a relative error of 2%–8% for ceramics and 3%–7% for metals. 

In general terms, the scratch test consists of pulling a probe across the surface of the material 

under a controllable applied normal stress, and it is relevant nowadays to several fields of science 

and engineering [23], ranging from strength characterization of ceramics [24] to adhesion of thin 
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films and coatings [25–27] and wear and damage resistance of metals, especially adhesion resistance 

of nitrided and nitrocarburized steels [28,29] and polymers [30]. Akono et al. [23] demonstrated that 

the failure mode (fracture or plastic yielding) is influenced by the materials properties as well as 

geometry of the scratching tool. According to the authors, it is possible to link the forces acting on 

scratch tip and the tool geometry to the plane strain fracture toughness Kc, according to the 

following equation: 

 (2) 

where Ft is the horizontal (tangential) force necessary for the movement of the indenter, w is the 

blade (indenter tip) width, and d is the measured penetration depth. 

Hence, the aim of the current study is to investigate the effect of post-tempering cryogenic 

treatment on the microstructure and mechanical properties of three different steels—the tool steel 

AISI M2, the hot work steel AISI D2, and the high chromium knife steel X105CrCoMo18 steel—as 

well as to investigate the application of a novel technique for characterizing the fracture toughness 

via scratch test experiments, simpler than standard method. 

2. Materials and Methods 

Standard bars of AISI D2, AISI M2, and X105CrCoMo18 tool steels were cut to obtain samples of 

the required size (40 mm diameter). Chemical compositions are given in Table 1. The samples were 

treated as summarized in Table 2. The cryogenic treatment investigated was carried out in liquid 

nitrogen (LN2) after tempering, using the following critical parameters: cryogenic temperature −193 

°C, cooling rate 40 °C/h, soaking time 24 h, heating rate to room temperature 40 °C/h. 

Fracture toughness tests were carried out on a CSM Instrument Micro scratch tester 

(Manufacturer, Neuchatel, Switzerland). Before the test, the surface samples were prepared per the 

procedure described by Akono et al. in [21]. The specimens were tested with a 200 μm Rockwell C 

diamond indenter at a scratching speed of 6 mm/min with vertical force equal to 30 N, and the 

scratch length was 6 mm. The scratch tester measures the penetration depth. Compared to a 

standard fracture toughness test (ASTM E399: standard Test Method for Linear-Elastic Plane-Strain 

Fracture Toughness KIc of Metallic Materials), the scratch test is a non-destructive test and it can be 

replied on different zones of the same sample, and it is easier to apply and more flexible because it is 

not necessary to manufacture a standard sample—only a proper preparation of the surface of the 

specimen is needed (polishing). 

Table 1. Nominal chemical composition of steels used in the investigation (wt %). 

Material C Si Mn Cr Mo V W Co Fe 

AISI D2 1.50 0.30 0.30 11.50 0.70 1.00 - - bal. 

AISI M2 0.9 0.3 0.25 4.10 5.00 1.80 6.40 - bal. 

X105CrCoMo18 1.09 0.40 0.40 17.30 1.10 0.10 - 1.50 bal. 

Table 2. List of treatment conditions considered. 

Material 
Sample 

Code 
Treatment 

AISI D2 

D2-C 

Vacuum quenching at 1080 °C, vacuum tempering at 480 °C, cryogenic 

treatment at −80 °C for 2 h in liquid nitrogen (LN2), tempering at 480 °C, 

cryogenic treatment at −193 °C in LN2 for 24 h 

D2 
Vacuum quenching at 1080 °C, vacuum tempering at 480 °C, cryogenic 

treatment at −80 °C for 2 h in LN2, tempering at 480 °C 

AISI M2 
M2-C 

Vacuum quenching at 1080 °C, three vacuum tempering at 550 °C for 2 h, 

cryogenic treatment at −193 °C in LN2 for 24 h 

M2 Vacuum quenching at 1080 °C, three vacuum tempering at 550 °C for 2 h 

X105CrCoMo18 X105-C Vacuum quenching at 1030 °C, vacuum tempering at 500 °C for 2 h , 
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cryogenic treatment at −193 °C in LN2 for 24 h 

X105 Vacuum quenching at 1030 °C, vacuum tempering at 500 °C for 2 h 

The microstructure of the treated samples was studied using a Quanta-200 (Fei) scanning 

electron microscope (SEM, Manufacturer, City, Country), and the residual stresses were measured 

using Z-ray sin2ψ method (ENIXE-TTX Residual Stress Diffractometer) with a Co tube radiation, 24.5 

kV as tension, and 5.5 mA as current, 7 acquisition in ψ on 156 degree 2θ angle. To obtain samples 

suitable for the microstructural analysis, the specimens were properly polished and etched with 

Murakami’s reagent (10 g K3Fe(CN)6, 10 g KOH, 100 mL water). Vickers HV1 microhardness tests 

were performed with a Wolpert microhardness tester (Manufacturer, City, Country) applying 9.8 N 

as normal force and a dwell time equal to 10 s. 

Nanoindentation tests were carried out in load control mode on a calibrated CSM 

Nanoindenter (Manufacturer, City, Country) equipped with a Berkovich diamond tip at a constant 

loading rate of 200 μN∙s−1, up to a maximum load of 30,000 mN, and the resolution of displacement 1 

nm. The 50 s total indentation time was divided into three segments, consisting of 20 s loading and 

unloading and 10 s holding time. The tests were performed by creating three 10 × 10 grids of indents 

spaced 100 μm for a total of 300 indents for samples. More details of the nanoindentation test are 

discussed by Bocchini et al. in [31]. During the test, the nanoindenter records the penetration depth h 

and the load w. The slope dw/dh of the unloading curve at the beginning of unloading can be used to 

measure E as described by Fougere et al. [32], Chen et al. [33], and Balijepalli et al. [34,35]. Chen et al. 

in [33] showed a typical nanoindentation test load–indentation depth curve, and the author 

explained how it is possible to calculate the plasticity factor ηp, defined as the ratio of plastic 

deformation work to total deformation work. A low value of ηp means a high resistance to plastic 

deformation. 

3. Results and Discussion 

Figures 1–3 show the microstructure of non-cryogenically treated and post-tempering 

cryogenically treated samples. 

 

Figure 1. SEM micrographs of (A) D2 and (B) D2-C samples. 
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Figure 2. SEM micrographs of (A) M2 and (B) M2-C samples. 

 

Figure 3. SEM micrographs of (A) X105 and (B) X105-C samples. 

The AISI D2 samples (Figure 1) contain large primary carbides and smaller spherical carbides 

distributed homogeneously in a ferrite matrix parallel to the working direction. AISI M2 (Figure 2) 

cryogenically and non-cryogenically treated samples exhibit a martensitic matrix in which 

spheroidal carbides are distributed. X105CrCoMo18 samples (Figure 3) show a microstructure 

similar to AISI D2 samples. Image processing was performed using the public domain software 

ImageJ, and it was possible to estimate the average particle size and their volume fraction, as 

reported in Table 3. 

Table 3. Particle size and volume fraction (%) estimated using image analysis software. 

Sample Particle Size (μm) Volume Fraction (%) 

D2-C 0.444 ± 0.1 19.7 ± 1 

D2 0.555 ± 0.1 14.5 ± 1 

M2-C 0.592 ± 0.1 9.1 ± 1 

M2 0.617 ± 0.1 7.0 ± 1 

X105-C 0.394 ± 0.1 15.9 ± 1 

X105 0.472 ± 0.1 11.1 ± 1 

By analysing ten representative images for each sample, it was found that in all the 

cryogenically treated steels, the volume fraction of submicrometric carbides was higher compared to 

untreated samples. Moreover, the carbides were finer and more homogeneously distributed in the 

cryogenically treated samples. Some authors [4,11] attribute the effect to the activation of the 
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tempering transformation of the martensite because of its oversaturation attained at −196 °C. 

Because of this, the carbide precipitation occurs during the subsequent heating to room temperature 

from cryogenic temperature, with higher activation energy, thus leading to higher nucleation rate 

and in turn to finer dimensions and a more homogeneous distribution. 

A possible advantage resulting from the precipitation of fine carbides as result of cryogenic 

treatment is the improvement of the fracture toughness of the steel; an increase of Kc was obtained in 

the cryogenically treated samples, as shown in Table 4, where the fracture toughness values 

estimated via scratch test are reported. Optical micrographs of scratches are visible in Table 5, and a 

scratch at high magnification is reported in Figure 4. The Kc values reported in Table 4 agree with the 

fracture toughness values measured with the standard method, as reported by Molinari et al. in a 

paper [5] where the effect of deep cryogenic treatment carried out after tempering on the mechanical 

properties of AISI M2 and AISI H3 was studied. In all of the tool steels investigated, the cryogenic 

treatment increased the fracture toughness value because the reduction in microcracking tendency 

resulted from reduced internal stress when the fine carbide precipitation occurs [36]. This is visible 

in Tables 3 and 4, where the increment of carbides content and decrease of residual stresses are 

reported. The reduction in temperature reduced density lattice defects (dislocations) and 

thermodynamic instability of the martensite, which drives carbon and alloying elements to nearby 

defects. These clusters act as nuclei for the formation of fine carbides when stress is subsequently 

relieved. The precipitation of carbides that also occurs during heating from cryogenic treatment 

temperature is responsible for the residual stress relaxation [37]. The present investigation in tool 

steel favours this hypothesis for two reasons: (1) the distribution of the carbides in the cryogenically 

treated samples was more homogeneous than in the non-cryogenically treated samples, and (2) the 

carbide volume fraction in the cryogenically treated samples was higher than in the 

non-cryogenically treated ones. The precipitation of more hard carbides in the cryogenically treated 

samples can reduce the carbon—and also supersaturation—in the matrix, improving its toughness. 

The combination of higher carbides content and the reduction of residual stresses enhanced the steel 

fracture toughness. A higher carbides content decreased the microcracking tendency. Moreover, it is 

well known [15] that a reduction in carbide size reduces the probability of carbide fracture, and can 

therefore increase the fracture toughness under specific contact conditions. The microscopic analysis 

confirms all of these observations. Indeed, in Figure 4, a SEM-BSE micrograph of the scratch of the 

AISI D2-C sample is reported. It is clearly visible that the large carbides inside the scratch are 

cracked, and other cracks are around the smaller carbides. Along the propagation front, cracks 

breaks or surrounds the carbides, and for this the crack propagation slows down, with benefits on 

fracture toughness. 
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Figure 4. SEM-BSE micrograph of the scratch on the AISI D2-C sample. 

Microhardness (HV1) values are reported in Table 4. The results show that the cryogenic 

treatment—when carried out after the usual heat treatment—increased fracture toughness without 

affecting the hardness of the steel. Cryogenically treated samples were a little less hard than 

non-cryogenically treated ones, and the differences in hardness values were not significant; in other 

words, the increase in toughness was attained without reducing hardness, but this is ascribed to fine 

and homogeneously dispersed carbides that also decreased the residual stresses. 

The obtained elastic modulus (E) and plasticity factor (ηp %) are listed in Table 4. The studied 

treatments did not essentially modify the Elastic Modulus value of all the steels investigated, but 

post-tempering cryogenic treatment incremented the plasticity factor (ηp %) value with respect to 

non-cryogenically treated materials, indicating that the martensite transformation and carbon 

precipitation enhanced the plastic deformation work and the toughness. 

Table 4. Results of fracture toughness tests, residual stresses analysis, and Vickers hardness test. 

Sample Kc (MPa∙m½) Residual Stresses (MPa) HV1 E (GPa) ηp % 

D2-C 47.06 ± 1 105 ± 35 807 ± 6 205 ± 6 57.7 

D2 36.24 ± 1 159 ± 36 814 ± 23 208 ± 5 50.1 

M2-C 47.91 ± 2 −66 ± 31 899 ± 22 211 ± 1 61.3 

M2 36.74 ± 2 110 ± 39 902 ± 16 209 ± 3 49.4 

X105-C 45.91 ± 3 281 ± 28 708 ± 11 212 ± 2 55.5 

X105 29.96 ± 1 324 ± 36 699 ± 9 211 ± 4 33.4 

Table 5. Optical micrographs of scratches. 100× magnifications. 

Sample Scratch 100× 

D2-C 
 

D2 
 

M2-C 
 

M2 
 

X105-C 
 

X105 
 

4. Conclusions 

A novel method for fracture toughness measurements via scratch test was applied, and the 

estimated values were reasonably in agreement with the literature values measured with standard 

methods. This novel method for fracture toughness measurements is a non-destructive test that is 

easy to apply, flexible, and does not need a standard sample. Post-tempering cryogenic treatment 

barely changed the hardness of AISI M2, AISI D2, and X105CrCoMo18 steels, but it significantly 

influenced fracture toughness and residual stresses. The precipitation of finer carbides 

homogeneously dispersed in the martensite matrix due to cryogenic treatment did not alter the 

Young’s Modulus, as measured by nanoindentation test in load control mode on, it decreased 

martensite residual stress, and improved plasticity factor and toughness. 
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